This work describes a new method to quantify phytoplankton gut content of the crab Carcinus maenas megalopae, based on the non-destructive measurement of in vivo chlorophyll fluorescence emitted from ingested microalgae.
I N T RO D U C T I O N
The study of zooplankton functional responses plays a crucial role for the understanding of zooplanktonphytoplankton trophic dynamics. It is known that zooplankton exhibit variable functional responses, selectively ingesting certain types of prey compared to others (Mitra and Flynn, 2006) . Brachyuran crab larvae have long been assumed to prey on large micro-and mesozooplankton, with most evidence supporting this assumption resulting from laboratory rearings (e.g. Harms and Seeger, 1989; Welch and Epifanio, 1995) . However, the paradigm of crab larvae as carnivorous raptorial predators (McConaugha, 1985) has been progressively replaced by more complex models. Brachyuran larvae appear to be flexible in the types of prey they ingest, which range from micro-and mesozooplankton, to microalgae, heterotrophic dinoflagellates and detrital particles (e.g. Perez and Sulkin, 2005; Schwamborn et al., 2006; Burnett and Sulkin, 2007) . A broad spectrum of prey types may compensate for low prey densities, thus reducing the risk of larval starvation (McConaugha, 2002) . According to Johnson and Shanks (Johnson and Shanks, 1997) , phytoplankton may play an important role as "background plankton", being used by invertebrate larvae as an alternative food source. In fact, Harms et al. (Harms et al., 1994) provided experimental evidence that phytoplankton is a major component of the natural diet of Carcinus maenas (Linnaeus 1758) larvae, including the megalopae.
The ingestion of phytoplankton by crab larvae is commonly confirmed through the measurement of gut fluorescence, the use of scanning electron microscopy of faecal pellets to detect undigested algal remains (Harms et al., 1994) or the quantification of phytoplankton pigments by high performance liquid chromatography (HPLC) (Meyer-Harms and Harms, 1993) . While faecal pellet analysis only confirms the ingestion of certain types of phytoplankton (namely diatoms), HPLC and gut fluorescence may provide quantitative information on the phytoplankton composition of larval diets. However, neither of these methods allows phytoplankton ingestion to be measured in vivo, limiting the study of the same individuals over time. Moreover, both techniques require the analysis of pooled larvae (e.g. Harms et al., 1994) , precluding the assessment of individual variability, and the expensive and time-consuming laboratory procedures involved make them unsuitable for in situ studies.
The present work describes a new methodological approach to quantify the amount of phytoplankton ingested by individual crab megalopae. This new method is based on the non-destructive measurement of in vivo chlorophyll (Chl) fluorescence emitted from ingested microalgal cells through the body of live larvae, using pulse amplitude modulated (PAM) fluorometry. The method is shown to be sufficiently sensitive to estimate the Chl a gut content of live individual Carcinus maenas megalopae. Its application to the study of the functional responses of zooplankton is illustrated by (i) characterizing the patterns of grazing activity of individual megalopae over time and (ii) testing the effects of prey type on phytoplankton grazing, through laboratory trials using C. maenas megalopae collected from the wild.
Rationale and calibration of the fluorescence signal
The rationale of the method consists in the measurement of Chl fluorescence emitted through the body of living megalopae, and using these measurements as a proxy for Chl a gut content. Chl fluorescence was measured with a PAM (Schreiber et al., 1986) fluorometer comprising a computer-operated PAM-Control Unit (Walz, Effeltrich, Germany) and a WATER-EDFUniversal emitter-detector unit (Gademann Instruments GmbH, Würzburg, Germany). Measuring light was provided by a blue LED-lamp ( peaking at 450 nm, halfbandwidth of 20 nm), conducted by a 6 mm-diameter Fluid Light Guide fiberoptics bundle (Serôdio et al., 2005) . The fiberoptics was connected to a custom-made cylindrical chamber designed so that the fiberoptics tip covered the whole bottom of the chamber and enclosed a constant volume of water, thus providing a constant measuring geometry (Fig. 1) . A minimum fluorescence level, F o , was chosen to monitor the Chl a content of megalopae as it is the fluorescence parameter known to be less dependent on microalgal physiological status (Serôdio et al., 2001) .
Because the relationship between F o and Chl a content may vary with the physiological status of the microalgae (e.g. pigment content), instrument settings or factors affecting the fluorescence detection (e.g. megalopae transparency, distance between fiberoptics and sample), a calibration curve had to be constructed to allow the conversion of arbitrary F o values into meaningful Chl a content units. To minimize the effects of actinic light and the duration of the dark-adaptation, required for the determination of F o , experiments were conducted in a darkened laboratory. Preliminary tests showed that F o could be determined 30-60 s after megalopae were placed in the measuring chamber.
Paired measurements of F o and Chl a were made on individual megalopae, covering the range of Chl a gut content. Megalopae of C. maenas were collected at Costa Nova, Canal de Mira (408 37 0 N, 88 44 0 W) in Ria de Aveiro, a mesotidal estuary on the west coast of Portugal, during March and April of 2008, with the help of passive plankton nets (Queiroga et al., 2006) , maintained in place for 24 h cycles. Megalopae were stocked in a cooling chamber at 158C inside 20 L cylindrical-spherical larviculture tanks (Calado et al., 2008) . A range of Chl a gut content was obtained by feeding previously starved megalopae (24 h) with the , 12 h light:12 h dark cycle, in f/2 medium), and were harvested during the exponential growth phase, by centrifugation (3000g, 10 min). Before measurements, megalopae were washed three times in clean seawater to remove any microalgae attached to the animal surface. After fluorescence measurement, each megalopa was immediately frozen to avoid variations in gut content (such as Chl a degradation as a consequence of digestion), and stored at 2208C for subsequent Chl a extraction and quantification. Chl a content was measured fluorimetrically in 90% ethanol extracts prepared from homogenized megalopae (24 h dark, at 48C). Extract fluorescence was measured using the PAM fluorometer, after being calibrated against 90% ethanol solutions of pure Chl a (Sigma-Aldrich, Switzerland) of known concentration, using the same fluorometer settings.
The method was shown to be sufficiently sensitive to quantify the Chl a content of live individual megalopae, F o being found to be linearly related with Chl a extracted from the larvae (linear regression, R 2 ¼ 0.945, P , 0.001; Fig. 2) . The finding of a highly significant linear relationship between F o and Chl a content for the whole range of observed variation permits the direct application of the estimated regression equation to convert F o in Chl a units. The high phytoplankton concentration used in this experiment (ca. twice the maximum recorded in the estuarine environment of the Canal de Mira; Leandro, 2008) ensured that megalopae feeding was not limited by phytoplankton availability and dismissed the possibility that self-shading of phytoplankton cells could cause F o to vary nonlinearly with Chl a. The proposed technique presents significant advantages over previously used methods, the most important being the in vivo and non-destructive determination of Chl a content, allowing repeated observations to be made on the same animals over time, without causing any physical disturbance. Additionally, the high sensitivity of the PAM fluorometer enables the reproducible determination of the Chl a content of individual larvae, opening the possibility to assess inter-individual variability in feeding dynamics. Finally, the short measuring time allows the monitoring of short-term changes in feeding activity with a high temporal resolution.
The main potential limitation of fluorimetric methods for quantifying Chl a gut content is the possible formation of non-fluorescent compounds due to pigment degradation, and the consequent underestimation of the true amount of ingested phytoplankton biomass (López et al., 2007) . This type of problem is, however, shared by all the methods based on the quantification of Chl a as an indicator of phytoplankton biomass, because Chl a degradation occurs unavoidably in virtually all situations. Although the underestimation of Chl a gut content cannot be ruled out when using fluorimetric methods, available evidence suggests that the magnitude of the associated error is probably not substantial, since other techniques commonly yield similar results (Kiørboe et al., 1985; López et al., 2007) . The method may also be affected by another source of error, associated with variations in the relationship between emitted fluorescence and Chl a. Significant changes in the in vivo emission of fluorescence per unit Chl a may take place due to a number of factors, including environmental factors affecting the global functioning of the photosynthetic apparatus, the photoacclimation status of the microalgae or the taxonomic composition of the samples (Serôdio et al., 2001) . As in the case of the application to the Chl a quantification in other microalgal-containing samples (Honeywill et al., 2002) , calibrations between F o and Chl a concentration should be performed in the case of changes in sample microalgal species composition or physiological status.
Grazing activity
The usefulness of the technique was first illustrated by characterizing the patterns of phytoplankton grazing activity over time. Two groups of larvae (A, 4 individuals and B, 10 individuals) were randomly selected from a pool of megalopae starved for 24 h, and each individual was provided P. tricornutum (60 mg Chl a L
21
). Megalopae were allowed to feed on the diatoms for up to 2.5 h, the fluorescence of ingested microalgae being monitored at regular intervals of 10 and 30 min for group A and B, respectively.
Chl a gut content of megalopae showed a typical biphasic feeding response (Fig. 3) . The first evidence of ingestion of microalgae occurred after 10 min of the beginning of the experiment. Figure 3A shows a linear increase of Chl a content during the first 50 min (linear regression, R 2 ¼ 0.979, P , 0.01). After this period, Chl a content reached a level after which it remained constant or decreased slowly. Significant among-individual variability was found regarding gut Chl a content, despite the fact that all megalopae had shown a similar feeding response.
Effects of animal prey availability on phytoplankton grazing
The technique was also applied to test the effect of the presence of animal prey on grazing on phytoplankton. A total of 40 megalopae, starved for 24 h, were randomly divided in four equal groups and distributed among the following feeding treatments: (i) starved, (ii) P. tricornutum (60 mg Chl a L 21 ), (iii) newly hatched Artemia nauplii (2.5 nauplii mL
21
) and (iv) P. tricornutum (30 mg Chl a L
) and newly hatched Artemia nauplii (1.25 nauplii mL
). Fluorescence was measured on individual megalopae 24 h after the beginning of the experiment. While megalopae fed exclusively on P. tricornutum showed a significant increase in Chl a gut content ( post-hoc Tukey's test; P , 0.001; Fig. 4 ), the Chl a content of larvae fed on Artemia alone or on a mixture of P. tricornutum and Artemia did not differ from starved larvae (Tukey's test; P ¼ 0.998 and P ¼ 0.608 for larvae fed on Artemia or on P. tricornutum plus Artemia, respectively). Moreover, no significant differences were found between the Chl a content of megalopae fed on Artemia alone or on P. tricornutum plus Artemia (Tukey's test; P ¼ 0.510). These results indicate that only when suitable zooplankton prey are unavailable will the megalopae significantly ingest phytoplankton, illustrating the value of the method as a tool to study phytoplankton ingestion in pelagic ecosystems. Records of megalopae displaying high levels of fluorescence, therefore, indicate a switching to phytoplankton grazing in the absence of suitable animal prey in Carcinus maenas megalopae. It is likely that similar shifts are made by other crab larvae, as well as by other "carnivorous" zooplankton (McConaugha, 2002) . Given the portability and ease of use of the technique we suggest that PAM fluorescence is a suitable methodology to provide in situ evidence for the occurrence of trophic mismatches.
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